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Abstract
New cryogenic pipes were designed for the superconducting DC power transmission systems constructed in the Ishikari area in
Japan. In the designs two inner pipes, for the cable and for the return of liquid nitrogen, are installed in a single outer pipe for
the circulation of liquid nitrogen. In contrast to the cryogenic pipes commonly used for the superconducting power transmission,
in which corrugated pipes are used, straight pipes are adopted to reduce pressure loss of the circulation of the liquid nitrogen. A
radiation shield to reduce heat leak to the inner pipe for the cable is adopted in one of the designs.
Two types of test pipes with and without the radiation shield were constructed and heat leak of these pipes was measured to
evaluate the eﬃciency of the test pipes. The lowest heat leak of 0.73 W/m was measured for the test pipe with the radiation shield.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014.
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1. Introduction
The superconducting DC power transmission has been developed intensively and it is going to be applied to actual
power transmission and distribution systems for its high eﬃciency coming from smaller energy loss by the zero
electrical resistance of the superconductivity in combination with the nature of the DC power transmission [1,2,3]. A
cryogenic pipe is one of the primary components of the superconducting DC power transmission system. Low heat
leak cryogenic pipes are demanded, because the energy to pump out the heat by the heat leak of the cryogenic pipes
is a main source of the energy loss and, eventually, determines the eﬃciency of the entire transmission system.
In addition to the low heat leak, low pressure loss is an expected property of cryogenic pipes for the circulation of
refrigerant [4]. The pressure loss is originated from the friction between the inner surface of the cryogenic pipe and
the circulating refrigerant, which is closely connected with the structure of the cryogenic pipe [5]. If the pressure loss
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Fig. 1. Schematic drawings of the cryogenic pipes with a radiation shield (a) and without a radiation shield (b)
is large, a large pump with high discharge pressure will be required. The pressure loss increases with the increase of
the ﬂow rate of the refrigerant, which is almost proportional to the second power of the ﬂow rate [4]. However, if
the heat leak is small, the ﬂow rate can be reduced, because the temperature rise of the refrigerant between terminals
can be limited. Therefore, to reduce the pressure loss, a low heat leak is also expected for the cryogenic pipes. From
these points of view, we have designed new cryogenic pipes. Test pipes were constructed and heat leak of these pipes
were measured to evaluate the eﬃciency of these pipes. The designs will be applied to the cryogenic pipes for the
superconducting DC power transmission project which was launched in 2013 in the Ishikari area in Japan and will be
also applied, we expect, to the cryogenic pipes in future superconducting DC power transmission systems.
2. Structure of test pipes
We designed new cryogenic pipes and made test pipes to measure heat leak to evaluate their eﬃciency. In our
designs, two inner pipes, one for the installation of the cable (the cable pipe) and another for the return of liquid
nitrogen (the return pipe), are installed in a single outer pipe for circulation of the liquid nitrogen. Straight pipes, in
part bellows pipes for the compensation of thermal shrinkage, are used for the inner pipes. This makes the reduction
of the pressure loss possible in comparison with corrugated pipes which are commonly used for the cryogenic pipes
for the superconducting power transmission [6,7]. A radiation shield, which surrounds the cable pipe, is adopted to
reduce the heat leak to the cable pipe. We made two diﬀerent types of test pipes, with and without the radiation shield,
to compare the eﬀect of the radiation shield.
Fig. 1 (a) shows a schematic drawing of the cryogenic pipe with a radiation shield. One unit of the pipe is 12 m,
which comes from the limitation of transport. The 12 m unit pipes will be connected on site. The outer pipe is a carbon
steel pipe with the nominal diameter of 318.5 mm. The inner pipes are stainless steel pipes with the nominal diameter
of 76.3 mm for the cable pipe and of 60.5 mm for the return pipe. The cable pipe is surrounded by the radiation shield
made of aluminum and supported to the radiation shield by plates made of ﬁber reinforced plastic (FRP). The return
pipe is held by the radiation shield. Therefore almost all the radiation heat incident on the radiation shield is taken
away by the liquid nitrogen ﬂowing in the return pipe. Multi-layer insulation (MLI) is wrapped around the radiation
shield and the cable pipe to reduce the radiation heat transfer. The radiation shield is separated from the outer pipe by
FRP rods.
Fig. 1 (b) shows a schematic drawing of the cryogenic pipe without a radiation shield. One unit of the pipe is also
12 m. The outer pipe is a carbon steel pipe with the nominal diameter of 267.4 mm. The sizes and the materials of the
cable pipe and the return pipe are the same as for the test pipe with the radiation shield. These pipes are supported by
FRP rods and plates to the outer pipe. Layers of MLI are applied to the cable pipe and the return pipe.
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We tested the test pipes with diﬀerent ways of MLI application, in addition to those with the diﬀerent structures.
The MLI used for all the test pipes is KFHN-9B05 supplied by Kaneka Co. For the cryogenic pipe with a radiation
shield, three test pipes, for which MLI was wrapped diﬀerently, were prepared. The ﬁrst one we call 7 × 3. 7 layers
of MLI were bundled and 3 bundles were wrapped around the radiation shield (21 layers in total). The ends of the
bundles wrapped around were overlapped by a few centimeters. The positions of the overlaps were changed between
the bundles. The second one was 3 × 3. 3 layers of MLI were bundled and 3 bundles were wrapped around the
radiation shield (9 layers in total). Only for this the spacers of MLI were doubled. The third one was 21× 1. 21 layers
of MLI were bundled and 1 bundle was wrapped on the radiation shield (21 layers in total). In any cases, one layer of
MLI was applied to the cable pipe. For the cryogenic pipe without a radiation shield, 21 × 1 was adopted to both the
cable pipe and the return pipe.
3. Measurement of heat leak
We ﬁlled liquid nitrogen to the test pipes and measured the ﬂow rate of the evaporated nitrogen gas, which is
proportional to the heat leak. A test pipe was connected to a liquid nitrogen reservoir, to which the test pipe was
connected to ﬂow meters in the outside. An inclination of the test pipe to the ﬂoor was 2◦ with making the reservoir
side higher, which ensures all the evaporated gas came out. The reservoir was used to keep the temperature of the
cable pipe and the return pipe low to pass a night or a weekend, during which the experiment was not performed.
During the measurements, liquid nitrogen was only ﬁlled in the cable pipe and the return pipe and the tanks in the
reservoir connected to these pipes were empty. Therefore the evaporated nitrogen gas only came from the heat leak
to the cable pipe and the return pipe. Since the heat leaks from the tanks to these pipes through the connections were
calculated to be less than 0.06 W for each pipe, these heat leaks were neglected in the analysis. The ﬂow meters used
(M series of Alicat Scientiﬁc inc.) were depending on the range of the ﬂow rate of the nitrogen gas. The ﬂow meters
were calibrated at 20 ◦C and 1 atm, so the heat leak of 1 W corresponds to a ﬂow rate of 0.2593 L/min. The time
variation of the ﬂow rate was stored in a data logger.
4. The result and discussion
Fig. 2 shows an example of the time variation of the ﬂow rate of nitrogen gas from the cable pipe and the return
pipe of 21 × 1 with a radiation shield, together with the temperature measured with thermocouples at the bottom of
the tank connected to the cable pipe and at 10 cm downstream from the top of the cable pipe. TC31 rose at around
13/12/28 4:00:00, at which the tank became empty, and TC15 rose at around 13/12/28 12:00:00, at which the liquid
level reached at 10 cm downstream from the top of the cable pipe. Between these times we considered that the cable
pipe was full. The data for 0.5-1 hour during this period were averaged to obtain a mean value and used for the heat
leak calculation.
To check the measurement quantitativity, the liquid nitrogen in the cable pipe and the return pipe was heated with
heaters equipped at these pipes and the heat leak was measured with respect to the heater power. The results are shown
in Fig. 3. The slope of the lines in the ﬁgure is the increase of the heat leak by the heater power input of 1 W. The
deviations of the slopes from unity were less than 5 %, except for three cases and the maximum deviation was 17 %.
Therefore we consider the quantitativity of the measurements was good and the deviations from unity were included
in the uncertainties of the measurements as calibration errors.
The results of the measurements are summarized in Table 1 for the test pipes with a radiation shield and in Table 2
for the test pipe without it. The temperatures of the outer pipe are also listed in the tables. The standard error of the
data used to obtain the mean value, the uncertainty of the measurement system including the ﬂow meters and the data
logger, and the calibration error estimated by the heater experiments were considered in the estimation of uncertainties
of the measurements.
Between the results of the test pipes with a radiation shield shown in Table 1, the heat leak of 7× 3 was lowest and
8.81 W (0.73 W/m). This was much smaller than the cases of 3 × 3 and 21 × 1. It is considered that the diﬀerence of
the heat leak of 7 × 3 and 3 × 3 mainly comes from the number of the layer of MLI, while that of 7 × 3 and 21 × 1
comes from the treatment of the butting ends of MLI. The diﬀerence between 7 × 3 and 21 × 1 amounts to 0.3 W/m,
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Fig. 2. The time variations of the ﬂow rates of the nitrogen gas from the cable pipe and the return pipe of 21 × 1 with a radiation shield. The
temperatures at the bottom of the tank in the reservoir connected to the cable pipe (TC31) and that at 10 cm downstream from the top of the cable
pipe (TC15) are also shown.
Fig. 3. Heat leak measured with respect to the heater power of heaters equipped on the cable pipe and the return pipe. ”S” in the legends means the
result of the test pipe with the radiation shield, ”CP” that of the cable pipe and ”RP” that of the return pipe.
which is quite large value if it is compared with 0.73 W/m of 7× 3. This result shows that the treatment of the butting
ends of MLI is important for the reduction of the heat leak.
It should be noted that the heat leak to the cable pipe was small and around 0.5 W for 12 m (0.04 W/m). This value
was almost independent with the way of MLI application. This is because the heat leak was determined by the small
temperature diﬀerence between the cable pipe and the radiation shield, which is not too diﬀerent by the way of MLI
application. Since the heat leak to the cable pipe is small, the ﬂow rate can be reduced, which makes the reduction of
the pressure loss of the circulation possible.
Between the results of the test pipes without a radiation shield in Table 2, the heat leak was between 15.8 W
(1.31W/m) and 18.2 W (1.51 W/m) depending on the temperature of the outer pipe. In these cases, the heat leaks of
the cable pipe and the return pipe have similar values, though the value of the cable pipe is slightly larger than that of
the return pipe for the diﬀerence of the support to the outer pipe.
Before the experiments, we expected that the heat leak of the test pipe without a radiation shield would be smaller
than that with it, because the area of the MLI surface facing to the outer pipe of the former is smaller than the latter.
However the results were opposite. If we compare the heat leaks of 21 × 1 with and without a radiation shield, the
heat leak without a radiation shield is over 30 % larger than that with a radiation shield. If we look at the MLI on
the radiation shield shown in Fig. 1 (a), the layer of MLI does not touch the radiation shield at around the neck of it.
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Table 1. Heat leak of the pipes with a shield with diﬀerent ways of MLI application
Type 7 × 3 3 × 3 3 × 3 21 × 1 21 × 1
Outer pipe temperature (◦C) 12.2 7.5 9.0 1.6 7.1
Total heat leak per 12m (W) 8.81±0.30 11.4±0.5 11.5±0.5 11.8±0.2 12.1±0.2
Heat leak of the cable pipe (W) 0.50±0.07 0.48±0.09 0.63±0.11 0.39±0.03 0.45±0.03
Heat leak of the return pipe (W) 8.31±0.30 10.9±0.5 10.9±0.5 11.4±0.2 11.6±0.2
Total heat leak per 1m (W/m) 0.73±0.03 0.95±0.04 0.96±0.04 0.99±0.02 1.01±0.02
Table 2. Heat leak of the pipes without a shield
Type 21 × 1 21 × 1 21 × 1 21 × 1
Outer pipe temperature (◦C) 6.5 11.5 13.0 16.1
Total heat leak per 12m (W) 15.8±0.7 16.9±0.8 17.5±0.8 18.2±0.8
Heat leak of the cable pipe (W) 9.5±0.5 10.2±0.5 10.6±0.5 10.8±0.6
Heat leak of the return pipe (W) 6.2±0.6 6.7±0.6 7.0±0.6 7.3±0.7
Total heat leak per 1m (W/m) 1.31±0.06 1.41±0.07 1.46±0.07 1.51±0.07
The area of the MLI surface with the radiation shield is eﬀectively not too larger than that without it. Moreover, as
discussed above, the treatment of the butting ends of MLI aﬀects the heat leak strongly. The number of the butting
ends of the test pipe without a radiation shield is double of the case with a radiation shield, which might increase the
heat leak signiﬁcantly.
5. Summary
We have designed new cryogenic pipes used for the superconducting DC power transmission systems. Two types
of the cryogenic pipes were designed. In our design, straight pipes are used and two inner pipes, for the cable and for
the return of liquid nitrogen, were installed in a single outer pipe. The radiation shield for the cable pipe was adopted
to reduce the heat leak to the cable pipe.
The heat leaks of the test pipes with and without a radiation shield were measured for the diﬀerent ways of MLI
applications. The heat leak as small as 0.73 W/m was measured for the test pipe with a radiation shield. Based on
these results, the cryogenic pipes used for the superconducting DC power transmission systems to be constructed in
the Ishikari area in Japan were determined.
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